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SUMMARY 

An experlaental   Investigation has  been conducted to obtain design 

data for  low-pressure-ratio  lift/cruise  fan exhaust  systems.     The 

testing was accoapllahed in  the  FluiDyne Corporation wind  tunnel 

test  facility  in Minneapolis,  Minnesota.     The test  results of conical 

convergent  and plug nozzle scale aodels are presented and evaluated 

in this report.    The  test data provide valuable design  infornatlnn 

for llft/cruiae fan nacelle Installations. 

The important  results of the prograa and conclusions drawn fro« the 

test data to date are as follows: 

High thrust-alnus-drag Mach  .8 cruise performance 

(C =   .965) waa demonstrated at a low nozzle 

pressure  ratio of  1.94  for both conical  and plug 

nozzle lift/cruise fan nacelle  installations 

having a  throat  area to maximum model area ratio 

(A8/AM)  of   ,43 

For cruise Mach numbers over   .85,   conical nozzle 

Installations perform better than plug nozzles 

for the  Investigated nacelle Installation. 

Friction drag plays a predominant  role in the 

optimization of  lift/cruise fan nacelle 

installations. 
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LONt UISIÜNS 

Fro«   I h»-    in.i I v1' I ••   of   t he   i i-sf    rt'^ii 11 s   I h«.1   lol lowl m*,   < i>iu  l i    i mi-    . .(n 

tx    ilr.twn   fur   t h«-   r.inne  of   piir amtt 11 <   invt-st i ^ali'd; 

I       High   t hrus»-mlnus-drai!  Mach   .N  <riiisc  pt»rfor«an<i-   (< =   .Ofif») 

was  ({«monst rated at   a   low  no//I"   pressun-   ratio of   1.94   for 

»>olh  conical   and plu«  noz/.le   lift    triilsc   fan nacelle   installation' 

having a   throat  area to maximum model   area  ratio  (A   /A   )   of   .13, 

2.     Kor   cruise Math numtx-ru  over   .85,   conical   nozzle   installations 

perform better  than  plug  nozzles   for  the   Investigated  nacelle 

Inst allatIon. 

H.     Skin   friction drag  played a  predominant   role  In   the   lift/cruise 

fan  models   tested. 

1.      Kor  Mach  numbers  up  to   .85,   performance   increases  with  a decrease 

in  nacelle   radius   to maximum  model   diameter  ratio  (R/D  )   for   the 

range   Investigated  because  of   the  decrease   In   friction  dra^.     For 

Mach  numbers  over   .85,   performance decreases with  a  decrease   in 

nacelle   radius   to maximum model   diameter   ratio   for   the   range 

investigated  because   of   the   rise   in  pressure  drag. 

:>. Kor Mach numbers up to .85, plu^ noz/.le performance increases 

with an increase in plug angle for plug angles from 12.5 to 

20 decrees.  Kor Mach numbers over .85, plug noz/.le performance 

decreases with an increase In plug angle because of the rise in 

boattall drag 



6.  For higher plug angle configuration (9 = 20 - 25 ) perforannce 

Increase« with plug angle only at subcrltlcal nozzle pressure 

ratios PTN/POO * 1.89).  For pressure ratios higher than 

critical, perforsance decreases with Increasing plug angle. 

7. Static peak perforaance. In general, Increases with decreasing 

plug angle. 

8. Plug nozzle perfonaance Increases with an increase In throat 

area (A ) at constant nozzle exit area (A ) and nozzle pressure 

ratio (P  / P^) because of the hiKher ideal thrust per nozzle exit 

area and its inherent decrease of the thrust decrements. 

9. Truncating the plug one-third of Its full length reduces the 

performance by about .01 to .04 In gross thrust coefficient. The 

loss decreases with Increasing Mach number. 

10. Nozzle discharge coefficients decrease with an increase In nozzle 

Internal shroud angle. 

11. Conical nozzle discharge coefficients at lower than critical 

pressure ratios fall off with decreasing nozzle pressure ratio. 

12. Plug nozzles have higher discharge coefficients at nozzle pressure 

ratios below criticsl than conical nozzles.  The discharge 

coefficients do not change considerably from choked nozzle levels. 

13. Correlations of analytically calculated nacelle pressure distri- 

butions to measured values are fair at low subsonic Mach numbers. 

At high subsonic Mach numbers the analytical pressure coefficients 

are considerably higher thsn the measured ones. 



RECOiMENDATlONS 

Based on th« results of the present Investigation,the following 

recoatendatlons are sade with regard to the aerodynaalc design of 

llft/crulse fan nacelles: 

1. Conlcsl nozzle nacelle Installations for cruise Mach nuwbers 

below .85 should have rather high boattail angles ( 6 = 15 - 20 ) 

and saall nacelle radius to ■axiauB installation diameter ratios 

(R/D^ - 2.5 - 3.5). 

For cruise Mach nimbers over .85, low boattail angles 

( 6 « 10 - 15°) and high radi 

required for good perfonsance. 

( ß - 10 - 15°) and high radius ratlos (R/D =5-7) are 

2. Plug nozzle nacelle Installations for cruise Mach nuabers below 

.85 should have rather high boattail angles (0 =12-20°), 

small nacelle radius to ■axiaua installation diameter ratios 

(R/D.. = 1.5 - 2.0), and steep plug angles (6 = 15 - 18 ). 

For cruise Mach numbers over .85, low boattail angles 

(6 » 7 - 10 ), high nacelle radius to maximum Installation 

diameter ratios (R/D = 2.5 - 3.5) snd small plug angles 

( 6 > 10 - 13 ) sre required for good performance. 

3.  Lift/cruise fan nacelles should be designed with as high a ratio 

of throat area to maximum Installation area as possible. 

The present program was designed to produce general qualitative design 

information for liil/eruise fan exhaust systems.  An extension »f this 

program would be the optimisation of a specific design, for which the 

following recommendations are made; 



KXP^RIMENTAL 

1. Trst model with Ian (lr>v«ii by ;»1 r turbin«- m *inil tunn« I to 

ubtam corri'latiun in .utu.il nuii-lli' thru t minus dr.i,; ititu 

In  the   free   st rt-am. 

J. Ti'St some ol the miKlols in .1 bi^nc-r tunnel to ih'li rm in«- Ih«- 

effect   of   tunnel   blockade. 

!.      Invest igatt'   the   effect   of  boundary   layer   thickness  on  nacelle 

drag  since   full-scale  boundary   layer   thicknesses  are  different 

fro« seal«'-model   conditions  and   skin   friction  plays  a    pre- 

dominant   role   lor   the  models   tested. 

I.      Investigate   plug  contours with  gradually   Increasing  angle   for 

improvements   in  plug   force. 

.'>. Investigate the effect «>f plug crown curvature and upstream 

flow  path on no/'le   perlormance. 

ANALYTICAL 

I.     Evaluate  the  change   in effective  surface  curvature  with 

compressibility  due   to  boundary   layer   influence, 

J,     Evaluate   the   influence  of  surface   roughness  on   the   inviscld 

flow   field  considering  especially   the   smoothing  effect   of 

boundary   layer   action. 

J.     Develop estimation   techniques   for  Jet   wake  positions  and   their 

influence  on   invlscid   flow   fields. 



I NTH« H »I •(T H)N 

K.xh.ur.t   syslcB  i)!-) lormaix e   i ^.   a  very   -. i r.m I i »-.mt   p.it .inn i «i    m   ( h< 

.uialysi.s  of   low-prt'Shurc-rat i«)  iiroi"'1 s i"n  systems,   su< h  .r    lilt   .irnl 

«rinse   1 ans       The  hlgh-hypufis-rat irt  chanii I er i st ich  I>1   t hf   lilt   irui: 

fan   result   In  a  uross   to   net    thrust    ratio of   approximately    1   to   I   at 

h i j^h   subsonic-  Mach  numbers.      Improvements   in   exhaust   nozzle   thrust 

coefficient  or   nacelle   «Iran   coefficient   of,    for  example,    I   percent, 

make   the  propulsion  system  performance  better   by  4  percent,   or   its 

specific   fuel   consumption   lower  by   the  same   percentage   lor   the  high- 

speed cruise  flight  condition. 

Lift/cruise  fan  nozzle  pressure ratios   lie mostly  below  the critical 

level.     Very  little  test   data   is  available   for   this  ranße,   as   the 

many   previous   investigations  have been conducted   for  turbojet  or 

rocket   enRlnes  with   their   Inherent   higher  nozzle  pressure   ratios. 

Reference  2 Kives  a preliminary   investigation  of   the problem and 

formed   the  basis   for  this  program. 

The objective of   this   program  was   to  obtain  static   and   installed 

exhaust   system  performance  data   lor   the   r.onres   of   interest   to   lift/ 

cruise   fan  technology.      Cruise   fan  nacelles   with  conical   and  plug 

nozzles  were   investigated,   and   the geometry  of   these configurations 

was optimized   for maximum  thrust-miruis-drag   performance. 
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ANALYSIS OF PROBLEM 

The themal   efficiency of  a propulHlon »ystea  Is   the  product  of cycle 

efficiency  and propulsive efficiency.    Cycle efficiency   is defined as 

the  ratio of  energy output   to energy  input  of  the engine.     The 

propulsive efficiency  Is stipulated as the ratio of  the energy output 

to  the airplane to  the energy output of the engine. 

The  li       cruise fan propulsion concept uses  a Jet  engine  to drive a 

high-bypass-ratio fan which converts the high-velocity,   low-aass-flow 

energy of   the Jet engine  into a  low-velocity,   high-aass-flow energy. 

Therefore,   the ratio of Jet   velocity to airplane  velocity is reduced 

and the propulsive efficiency  is  thereby  increased.     The »ore 

efficiently   this energy conversion is accomplished,   the higher  is  the 

overall  systea performance.     Between the cruise  fan components - 

turbine,   fan,  and nozzle/nacelle  afterbody  -   the greatest gain can be 

made  from  the exhaust   system  Installation. 

The present investigation is concerned with the optimization of the 

thrust-minus drag of the whole cruise fan nacelle. Such an exhaust 

system has   to be designed  with  the  following objectives: 

1 - High thrust  coefficient, 

2 - Low nacelle -  afterbody drag coefficient, 

3 -  Low friction drag, 

4 -  Smallest   length/diameter ratio, 

5 -  Low weight, 

6 - About  50 percent   throat area variation, 

7 - Mechanical   simplicity, 

8 - High  rellability, 

9 - Adaptable  for  thrust  reversal, 

10 -  Low noise level,   and 

11 - Luw  infrared  radiation characteristic 



h'ii   I lie   I' i*   n<>//. I «•- |)i »•.' suri'   i ti i «>   i aii^;<    i> |    ;i   i i I i   ( i ii i   i    Ian   n ■. /. 1 »•, 

i   (otwiT^int   nii/zli'.    «itlimit    «r   »ith   ct-nt •.•ili«><ly,   ^ivi's   the   lushest 

[•«•r f<ii manif       Th<'   t*i>   rharait tTisl u      ystfin:    art"  ■.hii*n   m   Fir.ur«'   1. 

A i ih   ref« renco   lo   Iht?   above oh )r< I i \ »■•.   and   (Ifptrxl I n»:  «m   I hi-   bpvr Ific 

installation  and   aircraft   mission,   uitlur   the  COMM at   < onver^ent 

nozzlt' or   the   plug   no/.zl»?  will   prodtu o   the   best   overall   system. 

IV»th  exhaust   system   configurations   were,    therefore,    investigated   in 

this  program.     The  models  were  based  on  merhani<al   design   layouts 

with  equal    throat   area,   nacelle  diameter,   and   throat   area   variation, 



lU-scufi'i MIN ni   iK.rr t^i n'tü-:wT 

KACILITY 

Ihr   stalK    and  «xlirnal    tl'>*   ir.iiiii'.   *.»>i   p» i I. > imed   in   i tu    Channfl     > 

i«st    facility   at   KluiDyiu-   Knu i nccr i nu   C"i (mrat n»n   in  Mi nncipol i ■ , 

M i nm'sot .1. 

Channel   '.>,   the   transonic   wind  tunnt-l   shown   in   Figur«'  2,   has   a 

22-hy   22-by  72   inth   lon^   s lot led-wal 1    tt-st   section.     Tins   tunnel    is 

an   i nduct ion-1 ype   facility   whereby  almosphenc   air   is dra^n   through 

the   test   section using   steam electors   to   reduce   the  downstream 

pressure       K  large  contraction  ratio,   19.1,   and   four  small-mesh 

struens   in  the   inlet   duct   help keep   the   test   section  flow  non- 

uniformilies   at   a  minimum.      The  required  pressure   ratio  across   the 

system   (or   test   section  Math  number)   is  maintained  by  controlling 

the  mass   flow  through   the  ejectors.      Math  number   Is continuously 

varied   from  0   to   1.2.      Contoured  blocks  on   the   solid  walls   are   used 

t>.   extend   the   upper   test   Mach  number   1 rom   1.2   to   1.3.r).      During   days 

■ «I   high  humidity,   water  condensation   in   the   test   section   is  prevented 

(tor    llow   velocities   above   M       1.0)   by   the   addition of   heated   air 

upstream of   the   inlet   contraction.      Models   and   the  balance   system 

.u<-   supported   in   the   test   cell   by        >   i nth-diameter   tube   (primary   air 

.-.upply)  which   is  positioned hy struts  upstream of   the   inlet   contraction 

Pi imar>   air   is   piped   to   the model    1 rom   the   facility  air   reservoir 

and   throttled   through   a   gate   valve 

Tunnel   calibrations   consisted ol   the   determination of   the   tunnel   wall 

axial   Math  number   di s t r i hut ion at   the  model    I' cation  and   the 

definition of   tht    hmindary   layer  profiles   i.n    the  lest   Mach  numbers. 
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The Mach nuaber distribution  for  the  noalnal   test  Mach  nuabers of 

.4,   .6,   .8 and   .9   is  shown  In  Figure 3   In relation  to  the model 

Installation.      Boundary layer  profiles  were neasured by  a  boundary 

layer  rake,which  was  located on  the  5-lnch-dlaaeter nodel   support 

Just  upstrea»   (1   Inch) of  the nacelle   leading edge.     The profiles 

for  the  test  Mach  nuabers are presented  in Figure 4.     If   the  boundary 

layer  thickness   is  defined as  that   distance from  the wall   where  the 

velocity is 99  percent of  the  free-streaa velocity,   an approximate 

average  thickness  of  1   inch  Is  indicated. 

No corrections  were made to account   for model  blockage.      If  blockage 

corrections were  necessary,   the measured drag coefficients of   the 

models would have  varied with Mach number at M < MQR.     Since no such 

variation was   found  it was concluded  that   the effects of  blockage 

must be negligible. 

The facility  is equipped with a force  balance system which measures 

the combined effect of the nozzle  Internal   and external   flows. 

A schematic of   the balance system  is  shown  in Figure 5.      It   is 

located  immediately upstream of  the  test  model  with only 3.5   inches 

of the  five-lnch-dlameter model   support   being part  of  the metric 

section.     Tare  corrections  for  surface  friction are,   therefore,   very 

small   which minimizes the uncertainty of   the data. 

The  force balance consists of  a  temperature compensated  strain gage 

bridge.     The bridge output   is used  to  vary  the frequency of  an 

oscillator,   the output of which  runs   into  a   Berkley   counter  and   is 

converted  to digital  output   which   is  printed out on  tape at   rapid 

intervals during  the  run. 
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A calibration of   the  system preceded  the  test   program.     Thin  check-out 

consisted of a dead-weight calibration of  the  force balance,   and  a 

deteraination of  the  effective seal   area,   AA,   as illustrated below. 

( 

V (A3^        A A      AP r- r 
w l"t 

The balance and seal   characteristics were calibrated separately by  the 

following procedure.     The balance was   first   loaded with  known weights (*t) 

to obtain a curve of  the balance  force  constant   (1(B),   defined  as  axial 

force divided by readout  signal   (Hs/Ca)   versus readout  signal   (Ca ) 

with no pressure difference across  the  seal   (Figure 6).     Next,   the 

inlet duct  was  pressurized to  test  values of  seal  station differential 

pressure.     A nuaber  of upstreaa  forces   dOwen-  then applied  to  the 

balance  to  reduce  the  net  balance  load   in order that   the  seal   gap 

would approach  actual   test  conditions.     The  sun of the  indicated 

balance  load and  the  reverse load divided by  the neasured pressure 

differential  gave  the effective duct  area.     Subtracting  the actual 

duct  area  fro»  the effective duct  area gave   the effective seal   area 

(AA) as  a  function of  readout   signal   (balance  force)  and differential 

pressure  (figure  7).     The seal   tare effective area and  the  balance 

force constant   whi-re   used   tu obtain   the   purely aerodynamic   forces  on 

the model.     The balance calibrations were  repeated after each  series 

of runs. 

U 



Usin^   »hih   sybtt-m,   .1  nut    thrns»   coffflcienl    l<>r   Ihf   simulated   flight 

Mach  nuabcr can l»e  direct ly  calculated      Details  c.f   this calculation 

are  covered   In Appendix   I   of   this   report        An  asstmhly   drawing  <>f 

a   typical   model   installation   is   shown  in   Figure  8,and   Figures  9 

through  13   present   various   views of   test  models   installed   m  the 

t ransonlc   facllIty . 

Data  obtained  in  this   facility   consisted of  measurements  of  balance 

force,   air   flow  rate,   model    total   pressure,   test   cell    pressure, 

various  pressures  within   the  balance  system,   and  nozzle  contour  and 

afterbody   pressures.     The   pressure data  were  measured  on multitude 

■ercury nanometer  boards   and  precision gauges.      Force  balance data 

were   recorded  by  an  electronic   digital   readout   system. 

MODELS 

A   total   of   14 models   were   tested.      Three  models   represented   lilt   cruise 

fan  nacelles  with  convent tonal   conical   nozzles,   and  eleven models   had 

a  center   plug   (Fin»""»'   I).      The  geometry of   the  models   is  described   in 

Table   I.      The models   were   precision-made  of   stainless   still    *ith 

tolerances  of  ♦. OO'J   inch       on   all   critical   dimensions   and  4I0 minutes 

on   angular  dinen-ions.      All   surfaces   in contact   with   airflow were 

poli shed. 

The   building  block  construction  method  was  used   to   facilitate  model 

changes  and   to save   fabrication costs.     The hardware  consisted of 

one   adapter  with choke  plate   and   flow straightening   screens,   three 

conical   nozzle  shrouds,   ei^ht   plug  nozzle  shrouds,   one   ronical   nozzle 

centerbody,   four   forward  plug   sections,   three  aft   plug   sections,   one 

alt   plug   tip,   six  plugs,   and  a  wooden cylinder   for  cylindrical   flow 

simulatlon. 
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Typical   model   hardware   i^   shown   in   Kic.urts   14  antl   1.',        ih«'  tuntimr;. 

and  Reoniftrtc   details  are  presented   in  Futures   l«;   Ihrmifh   TA.     Thr 

instrumentation of   the  models   consisted f)f   static   pressure   taps  mi   \ \\> 

nacelle  external   surface     »he   plup   surface,   and   plu^   hast-   .it   various 

a/.imut   p<)sltlons.     A   total   pressure   rake  was   installed   in   the  adapt' i 

to  measure   the   total   pressure  at   the  noz/le   inlet   section  upstream 

of   the   throat   (FiRure  8).     The   »xmndary   layer  profile   *as  measured 

with  a  rake   located Just  upstream of   the nacelle on   the  r>-inch 

diameter  model   support   (Figures   2   and  4). 

i > 
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EXPERIMENTAL PROCEDURE 

A typical  experiment   in Channel   5 was conducted   in  the   iol lowing 

nanner.      the external   flow  Mach  number was  set   from plenum pressure 

measurements using   the   steam ejectors,   and  the   required  no/.zle 

pressure ratio was obtained by  regulating  the model   total  pressure 

to   the predetermined value.     When  these  two  parameters  were  stabilized, 

and  all  manometer  readings   were  steady,   the   force  balance readout 

recording system was  started.     Static  pressures on the model   surfaces 

were measured with mercury manometers and recorded photographically. 

The  teat  was run according  to the schedule of pressure  ratio and 

Mach number shown In Figure 24. 

The gross  thrust of  the system was determined  from the  force balance 

readings  by correcting  for  the balance  Internal   forces.     Thrust 

coefficients  (CJ.Q) were  then computed by dividing the above calculated 

gross  thrust by  the Ideal   thrust,   defined as actual  mass flow times 

Ideal  Jet velocity.     The   ideal   velocity was determined  from thrust 

function curves as a  function of nozzle pressure  ratio. 

Discharge coefficients  were calculated as  the  ratio of  the actual 

measured mass  flow to   the   Ideal  mass  flow at   the existing nozzle 

pressure ratio. 

Prom the measured static   and thrust-minus drag coefficients,   the 

total   nacel le-boattal 1   drag,   including  friction and external   flow 

effects   (for the plug  nozzles),   was computed for all   test points. 

The boattall  drag  coefficients   (CQ BT) and  forebody  drag coefficients 

(CD fg)  were calculated by  the pressure-area  integration method  from 

the static pressure measurements.     Similarly,   the effect of external 

flow on the plug nozzle   (CD p)   for models 4-14 was obtained by  the 
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difference   in  (»luu  axial    force *.lh  an«l   without   external   fl«i».      Thf 

boattail   ilraj;   and  plu^-form  dra^  coefficients   do   not   include   friction 

hein^  only   the  pressure  draj;  conponent .     The detailed calculation 

procedures   are  described   in  Appendix   II 

M 



EXPERIMENTAL RESULTS 

A  suimary of  the  important   test   results   is  Klven   ln Table 2  and 

Figure  25.     The   thrust   coefficients  represent   the   installed   (thrust- 

■inus-drag)  performance of   the cruise   fan  nozzle models according 

to   the  pressure  ratio   -   Mach  number  schedule  shown   in Figure 24   for 

the  1.3 pressure ratio   fan. 

The  thrust coefficients obtained as shown  in Figure 5 account   for   the 

following: 

a. Internal model friction and pressure losses downstream 

of the total   pressure rake   (including plug  friction), 

b. External friction and form drag over the entire length 

of model from the split shown In the sketch to the end 

of  the shroud. 

For   these  models,   there  was   about   3.5   inches  of   5-lnch diameter   pipe 

between  the  split  and   the  beginning of   the  model  contour which  contributed 

some   friction but  no  form drag. 

The data were not   corrected   for  this   friction  drag  because  it   was 

considered  to be small   enough  to be neglected.      It   should be 

observed,   however,   that   the  average  friction  coefficient   for   the 

models  will   be   less   than  for   the  full-size  nacelle  because  some 

boundary   layer  growth  has  already occurred on  the  external   surface 

of  the support   pipe   (Figure  4). 

To determine the absolute   level  of   thrust   coefficient  more  accurately 

it   would be required   to  reduce  the boundary   layer  by  suction  in   the 

present   test  set-up or   to   test  a nacelle  with   an  air-turbine driven 

fan  in  the  free-stream   without  a support   pipe.     The  presented  data 

should be regarded,   therefore,   as qualitative   rather  than 

quantitative 
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The  scatter of  the  test  data amounts  to  about   i.2  percent   from a 

reasonable curve  drawn  through  the data.     With noted exceptions,   it 

appears  that  the general   level  of  thrust  coefficient  has  '.een defined 

within i.25 percent  based upon comparison of measured  thrust  and drag 

coefficients with pressure  integrated drag coefficients  and  friction 

estimates. 

The  variition of  the  thrust  coefficients   (CJ.Q)   with pressure ratio  and 

Mach number  is presented  in  the order of model   number  in Figures 26 

to  41. 

Discharge coefficients   (Co)  are presented  In a similar manner  for all 

models  in Figures  42  to  57.     The discharge coefficients,   by definition, 

represent   the ratio of actual  mass  flow to  the  ideal  mat's flow at   the 

existing nozzle pressure rntio. 

The external  pressure distrlbutl'-ns of   the cruise fan  nacelles  are 

shown  for  each model   in Figures  58 to  74  in  the  form of  pressure 

coefficients,  Cp r    (Pi-l*o)/q<».     Nozzle pressure  ratio  did not  affect 

the nacelle pressure distributions  for   the  range of  test  pressure 

ratios. 

Plug pressure distributions   (Pi/PfN)   for  al 1   models are plotted versus 

length  for  the various  test  pressure ratios  and Mach  numbers. 

Figures 75  to 87  show the plug pressure distributions   for Mach 0; 

Figure 88,   for Mach   .4;   and Figures 89  to  100,   for Mach  .8.     Plug 

pressure distributions are also preaented  In Figures  101   to 116 for 

each configuration  for all   Mach numbers  based on a Mach number - 

pressure ratio relationship as given  in  Figure  24  for a  fan pressure 

ratio of   1.3. 

20 



The total nacelle drag coefficients (Co r) were calculated from the 

static and Installed thrust coefficients for each test point.  A 

summary of all data 1» given in Figure 117 and in Table 2 as a 

function of Mach numoer.  This drag coefficient includes friction. 

The results of the boattall drag calculations from the model afterbody 

pressure data are presented as boattall drag coefficients (C[) gj) in 

Figure 118 as a function of Mach number.  Surface friction is not 

included in these values, and the data are Independent of pressui ? 

ratio. 

The effect of external flow on the plug force, calculated from the 

plug pressure distribution at static conditions and with external 

flow, is presentc J  :, Figure 119.  This change in plug force has 

been shown in the ion» of plug form drag coefficients (Cp p) versus 

Mach number for the pressure ratios according to the test schedule 

of Figure 24 for the 1.3 pressure ratio fan. 

21 
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I VAIl Al ln\ 

All    thrt'i'  conical   iin/./,lc   nuxli-l'.   have   tlu    sara*-   maximum  n.i< i I U- 

ilianM-ttT and  throat   area,   Uu-y dlilur only   m  their  boatlail 

Kfumetry   (Figures   16 antl   17).     A comparison (»1   the  thrust   coefficient 

results of   the conical  no/-/.les   (Figure   120)   indicates  that,   for Mach 

numbers up to and   u.ludtng   .8,   perlormame   increases  slightly  with 

decreasing nacelle  boattall   radius   to maximum diameter  ratio   (K/U  ) 

and   nacelle   length  to maximum diameter   ratio   (L/D  ).     Kor  Mach   .9 

this  trend  is  reversed. 

Without external   flow,   the difference   In  the  performance   level   Is 

caused by  the  change   in   Internal  friction as model   size and exit 

area  are  the  same. 

For Mach numbers up to and   including   .8,   nacelle  surface   friction 

drag   Is  predominant  over   the pressure drag on  the  afterbody.     This 

can   be  observed   In  Figure     121,   The   total   nacelle  drag coefficient 

is  almost   the  sam«.   Xor  the   three models.     The  boattall drag 

coeff Iclent (not   Including   friction),however,   is    decreasing with 

decreasing boattall  angle  and   is about   25 percent   lower  lor model   I   than 

for  model   3.    If  models  2  and  3,  with   the   smaller  nacelle   length  and 

boattall   radius  show higher  performance   than  model   I,   It  can only  be   the 

result  of   the  models having   less   friction drag.     With the calculated 

friction drag coefficient   of  Figure    121 ,the   friction drag decrements 

were computed   for models   I   and 3 at  Mach   .8 and   they are  shown   In  the 

loss  breakdown  together with boattall  and   forebody drag   in Figure    !.:_:. 

The   total   thrust  decrement   is  smaller   for model   3 because  the   rise   m 

boattall  pressure drag   is   overcompensaled    fur  by   the decrease   in 

nacelle  friction drag. 
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Pressure drag Is «ore laportant at Mach .9, and model 1, with the 

greater boattall radius and Inherently lower boattall angle, 

demonstrates the highest performance.  A loss breakdown for models 1 

and 3 Is given In Figure 123.  It can be observed that thu friction drag 

decrement of models 3 Is only slightly smaller and that the pressure 

drag Increase Is greater than the reduction In friction drag. 

The breakdowns of the performance losses (Figures 122  and 123) show 

that Installed performance increases with pressure ratio. The 

explanation for this Is given In Figure 124, which demonstrates that, 

with constant nacelle drag coefficient, the thrust decrement (ÄC-) 

decreases with increasing pressure ratio because of the increasing 

ideal thrust.  Therefore, if the static performance and only one test 

point with external flow are known for a model, the complete per- 

formance curve can practically be calculated over a range of pressure 

ratios for external flow Mach numbers below the model nacelle 

critical Mach number (Figure 128).  Naturally one external flow test 

point is not sufficient to establish the total nacelle drag level 

accurately, but  this method can be used for arriving at more exact 

curves if only a few test points are available.  A summary of the 

conical nozzle thrust-minus-drag performance is presented In 

Figure 123 for the assumed relationship of pressure ratio versus Mach 

number for the 1.3 pressure ratio fan (Figure 24). 

From the above evaluation it is concluded that skin friction plays 

a predominant role for Mach numbers up to about .85.  Lift/cruise 

fan nacelles for cruise Mach numbers in this range should, therefore, 

be designed with small boattall radius ratios.  For higher cruise 

Mach numbers, lower boattall angles improve the performance because 

of the steep rise in pressure drag. 
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PLUG NOZZLES   (MODELS 4-14) 

I,   Effect  of  Boattall  Gooaetry on Perfofance 

a.     Low Boattall   and Low  Plug Angle Modela   (4f5) 

Models 4 and   5 have  the  same  plug   (6 12.5  )   and equal   throat 

area  as well   as  area   ratio   (Figures   17 and   18).     The models 

differ only   In  their boattall  geometry   (9=8    and  10   )   and 

their  throat   location with respect   to the plug crown.    The 

performance  comparison,   shown  In Figure   126, Indicates  that 

model  4 produces slightly  overall  higher performance except 

at  Mach   .4.     This  Is primarily  the   result of  the  lower boattall 

pressure drag   (lower boattall  angle)   as can be  observed   from 

the comparison of the boattall drag coefficients  in Figure   127. 

The plug forces are practically  identical according to the plug 

pressure distributions  (Figures  104  and  105). 

At  Mach   .4,   the  force data  show a  reverse of  the general   trend; 

the  pressure data,  however,   indicate nu such change  in  trend 

and  the  force balance measurements  at this Mach number are, 

therefore,   assumed to be   in error. 

Plug nozzle model 5 has  about  the  same boattall  radius 

(R/Dy    =  2.75)  as the conical nozzle model 3.     Nevertheless, 

the  plug nozzle performance  Is overall  lower  than  the  per- 

formance of  the conical  nozzle.     This must  be attributed  to 

plug surface  friction. 

Based on  this observation,   a correlation was made of  the  three  con- 

vergent  nozzle models and  the  plug nozzle  models 4 and  5.     For  each 

model  and each  test  Mach number,   the  lowest  static  pressure on   the 

shroud   (highest   local Mach number) was determined and  plotted  versus 
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the   I liiiiif I   M.u h  numbur.     A i ros-, - pl.it   .1   this  ^.'■•'P*'    ''    H"' tntUMl 

v.ilu»    uf   pri-ssun-   r.itii.   (M;u h l.d)   v< rsus   buatt.ul    i.uluis   to 

m.ixiinum  mtKlrl   d liimct IT   ritin   pt-xhutd   Ihi-   irltu.il   Ma( h   numbers   ul    UM 

m.Kluls   (Figure   I.:«),     AnurdiriK   to   this   ^raph,   th<-   boattail   radius 

to  maxitaum   model   diameter   ratio   fan   he   reduced   to   about    1.75   for 

cruise  Ma^h   numbers  of   .H.     Minlels   11   through   11   »ere   then   laid  out 

*ith   lower   radius   ratios   to   verify   this   assumption. 

b.   High  Boattail   and  high   Plug Angle  Models   {12  ; ad   14) 

A   performance  comparison  of  models   12  and   14   (Figures  22  and 
O Q 

2:J), which   both  have  a   1H.O     plug,   and   boattail   angles  of   15 

and   iH.o'    respectively,    is   presented   In  Figure   12'.>.     Model 

14,   with   its   steeper  boattail   angle,   lower   shroud   length 

and   boattail   radius,   performed   better  at   all   test  Mach  numbers. 

When  the  h igh-boat tai 1 - angle  no//.le  models  are  compared   to 

the   low  boat t ai 1 - angle   no/./.les   (Figure   i;<0),    it   can  be 

concluded   that,   similar   to   the  conical   nozzles,   plug  no/./.les 

for  cruise  Mach  numbers   up  to   .M5  should   be  designed  with   rather 

steep  plug   and   boattail   angles.      For   higher   cruise  Mach 

numbers,   lower  boattail   and  plug  angles  are   required   for 

good  performance. 

2.        Kllei t   til   Pliu;   Angle  on  Per ftu mance 

a.      Low   boattail   and   Low   Plug  Angle  Models   (   5^   9   and   10) 

Models  5,   9  and   10  use   the   same   shroud   together  with  various 

angle   plugs  of   12.5,   15,   and   17.5 degrees   (Figures   18  and   20). 

The   boattail   angle   is   10 degrees.     From   the   performance 

(omparison,   shown   in Figure   IM,   a  general   trend cannot   easily 

be   recogni/.ed.     When   the   pressure  distributions   for  the   plugs 

at   Mach  0  are  compared   in  Figure     i;<.:,it   can   be   observed   that 

the  higher   plug  angles   cause   the   flow   to overexp.md     Just 



ilowiisi r<'.im itl (In thiK.ii.  MM i i'■ ;-. 'xpans inii, in»»« vt r , 

the prfssuru rls«'H t«» i ht^hi-r l<v<i .is fur thu lower pluK 

nnttlL1 which loaipensutt^s iur ihv   initial oviTi-xpansion loss, 

and the plug furces for the m<Klels are practically equal. 

Friction drag on the plug decreases with an tncreade In plug 

angle because of the decrease In surface area.  It Is, therefore, 

concluded that static perfornance Increases slightly with 

Increasing plug angle. 

Based on the plug pressure distributions (Figure l?2) it is 

concluded that the force data ef aodel 9 are erroneous, as 

there is no agreement of force and pressure data.  A siailar 

conclusion can be reached froa the plot of static peak 

performance versus area ratio (Figure 139). Model 9 is about 

.4 percent low compared to the other aodels. 

In the presence of external flow, the coaparison of the plug 

forces yields slallar results as at static conditions. 

Figure 133 shows the coaparison of plug forces at Mach .8, 

and there is not auch difference for the range of angles 

investigated.  Boattail drag increases with plug angle as 

can be seen in Figure 131 , and the aodel perforaance level 

depends on the sua of plug force and boattail drag as veil 

as Internal and external model friction drag.  For subsonic 

Mach numbers below the drag rise (about M = .85), the steeper 

plug angles yield slightly higher perforaance.  At Mach .9, 

pressure drag is the predoainant factor and low plug angles 

are required to reduce the boattail drag (Figure 131 ). 

It is therefore concluded that for Mach nuabers up to .85, an 

increase in plug angle produces slightly higher perforaance 

for the range of angles investigated.  For Mach nuabers over 

.85, the trend is reversed. 



b. High Boattail and High Plug Angle Models (12 and 13) 

Figure 135 shows the coaparison of the model 12 and 13 thrust 

coefficients.  Model 12 has a 17.5 "dugret- plu« anglL' and m<xlel 13 

has a 22.5-degree plug. The thrust coefficients show a 

slidllar trend for the low-pressure-ratio range, as observed 

for the low boattail plug nozzles; namely, slightly higher 

performance for the steeper plug angle model 13.  With an 

increase in pressure ratio, the performance curves cross over 

and model 13 shows lower performance than model 12. 

A comparison of the plug forces at Mach .8 in Figure 136 

demonstrates that, at low nozzle pressure ratios (?_„/?_ = 1.5), 
TN 

the gain from the pressure rise at the end of the plug is 

higher than the loss in plug force from the initial ovur- 

expansion. At the higher nozzle pressure ratio iP^%./Pm     -  2.5), 

the initial overexpansion loss is higher than the gain due to 

the pressure rise at the plug end. 

From this observation, it is concluded that for steeper plug 

angle configurations ( 9 = 20 - 25 ), performance increases 

with plug angle only at subcritical pressure ratios 

(P /P^  = 1.89).  At pressure ratios greater than critical, 
TN 

performance decreases with  increasing plug angle. 

Static  peak performance shows a general   trend of decrease 

with an  increase   in  plug angle,   as can  be  observed   in 

Figure 139. 

2H 



KHeu t of N..//1.. Throat Ar«-.i »n Pertormanco  

a. Area Change by Expandable Plug (Modela 6 and 9) 

Models 6 and 9 demonstrate the expandable plug concept for 

changing throat area (Fiuures 18 and 20).  The geonetry of 

the aodels Is exactly the name with the exception of the plug 

contour.  The throat area of model 6 Is Increased by about 

23 percent compared to model 9. 

Performance Increases with an Increase In throat area because 

of the higher mass flow and the Inherent higher Ideal thrust. 

A performance comparison of the two models Is made In Figure 137 

Model 6, with a bigger throat area, is overall higher in per- 

formance. The area change by expanding the plug change» the 

plug angle at the throat location, and the observations for 

plug angle changes under paragraph 2 above also apply to this 

comparison. 

b. Area Change by Shroud or Plug Translation (Models 7 and 7A) 

A variation in throat area as demonstrated by models 7 and 7A 

could be accomplished by an axial translation of plug or 

shroud (Figure 19).  The aodel geometry is identical except 

that the plug size Is different.  These two models, therefore, 

demonstrate the effect of throat area change with constant 

exit area - without any side effects.  Figure 138 shows the 

performance comparison for the test Mach numbers. The 

performance for model 7At having a bigger throat area, is 

considerably higher because throat area and flow is about 

twice as large in comparsion to model 7. 

With external flow, the total nacelle drag coefficient (C    ) 

for the model with the bigger throat area (7A) is smaller 
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(Figure 117), and  bcc.iusc» ol tin hli.JHr idi.il ihruHt, the 

thrust dcMTemcnt clue to external flow Is relatively smaller. 

Thrcjat area or the ratio of exit area to throat area (AL./
AnP ^s 

a very Important parameter in plug nozzle performance as shown 

In Figure i39# 

4. Effect of Plug Length on Performance (Modela 5 and 10A) 

The two models (Figures 18 and 21) are geometrically similar 

ex- ept that 10A has its plug length reduced to about two-thirds. 

Model 5, with the full-length plug, has overall higher perfor- 

mance (Figure 140). The performance loss for plug truncation 

of about .01 to .04 in thrust coefficient Is due to the 

lower plug force for the cut-off plug model.  The pressure on the 

plug base is about equal to the pressure Just ahead of the base 

(Figure 112), whereas the pressure on a full-length plug rises 

further (Figures 105 and 112). 

5. Effect of Simulated Cylindrical Flow on Boattail Drag (Models 8 

and 10B) 

Model 10B (Figure 21) uses the same nacelle as model 8 

(Figure 19), but has a cylinder attached to the end of the 

shroud to simulate cylindrical flow. Measured boattail 

pressures were considerably higher at the end of the shroud 

of model 10B with the cylindrical afterbody In comparison to 

the 12.5-degree plug of model 8 (Figure 141). The drag 

coefficient is less than 40 percent for the cylindrical flow 

simulator model, and the drag stayed practically constant for 

the range of test Mach numbers; on the other hand, the plug 

no/./le model experienced the usual drag rise. 
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The reason fur the low dra^ of the cylindrical 1 low simulator 

model Is that the flow conpressus at the end of the nacelle 

afterbody, an action which results in a pressure rise ail along 

the boattail surface.  For the case of the plug noz/.le with 

Internal flow, the external flow converges further and, therefore, 

experiences a much smaller rise in pressures.  The plug nozzle 

Internal flow Is converging for model 8 at the test pressure 

ratios. 

The boattail drag for the cylindrical flow simulation model is 

the lowest for all models tested. Only the low-boattaii model 

4 comes close to It (Figure 142). 

PKRFORMA>r:E COMPARISON OF ALL LIFT/CRUISE FAN NACELLE INSTALLATIONS 

WITH EQUAL NOZZLE THROAT AREA 

The efficiency of an Installation is characterized by its value of 

Miroat area to maximum nacelle cross-sectional area (A /A ).  For the 
O  M 

lift/cruise fan installation, its maximum diameter is determined by the 

fan diameter and the structural requirements for the nacelle. The 

throat area at cruise is defined by the engine exhaust gas flow and 

the Ian flow; and, therefore, the ratio of A /Aj^ is practically fixed 

for a given system.  The problem is  then to develop an installation 

which offers high cruise performance with overall good off-design 

performance and low weight. 

For the present investigation, the best Installations for a given area 

ratio of A /A    .4J can be identified from the comparison shewn in 
I*   m 

Figure 113. For a ennse Mach number around .8, the optimum conical- 

ni.//le model is model J and the best of the plug nozzles is model li. 

Holn  models  offer  |>ra< lually  equal   high  cruise   performance   (C .968 

and   .960).     However,   the   average   performance  of  three-  conical   nozzle 
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models   In coaparison to the  average perforoance of  the plug nozzle 

■odels  la higher by about   1  percent over the range of Mach mabers 

tested.    Besides perfonwnce,   the selection of an  Installation mist 

also  include consideration of systea weight,  coaplexlty,  reliability 

and other parameters specific to the aircraft configuration. 

OOMPARISOIt OF NOZZLE DISCHARGE COETFICIENTS 

Discharge coefficients of  plug nozzles at   low nozzle pressure ratios 

show characteristics slallar to those of conical  nozzles.    Conical 

nozzle discharge coefficients,  for pressure ratios below critical, 

fall off sharply froa their choked flow values with a decrease  In 

nozzle pressure ratio  (Figures 42, 43 and 44).    Conical nozzle discharge 

coefficients are a function of  internal shroud angle,  and they decrease 

with  increasing shroud angles. 

A slallar observation can be aade for  the plug nozzles, naaely,   that 

discharge coefficients decrease with  an  Increase   In  Internal  shroud  or 

flow angle  (Figures 45 throught  57).     However,   because of  the   lower  flow 

angles,   the plug nozzle aodel discharge coefficients at low nozzle 

pressure rstlos are higher than the conical aodel discharge coefficients, 

This  is  Illustrated in Figure  144, which shows a comparison of discharge 

coefficients for unchoked nozzle operating conditions at Mach 0. 

With external  flow,  the discharge coefficients are  influenced by the 

shroud base pressures.    With hlgher-than-aablent  base pressures,  the 

flow coefficient values decrease; and with  lower-than-ambient  base 

pressures,  the flow coefficients  Increase over their static values. 

The reason for this change  In discharge coefficient  lies  In  Its 

definition as:  actual aass  flow over  Ideal aass  flow based on nozzle 

total  to aablent  pressure  ratio, Cn = a /(«A.      When  the base u a       1 ^ 
pressure differs  froa the  free-stream pressure,   the discharge 
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coefficient changes from its static value.    Because of this 

definition,   It Is also possible that C    becoaes greater than unity  in 

the presence of external flow when the base pressure   is  lower than 

free-streaa pressure. 

Froa Figure   144, It can also be concluded that  the discharge 

coefficient  level  for aodel 7   is high by about 3 percent.    The 

discharge coefficient of this model should be about  equal to the model 

7A discharge coefficient because of the geometrical  similarity of  the 

models.     It  is assumed that  leakage occurred between the model and the 

flow measuring station. 

COMPARISON OF NACELLE DRAG TO OTHER TEST DATA AMD ANALYTICAL 

CALCULATIONS 

1.    Comparison to Other Test Data 

There  is  little data available for comparisons  because of  the 

special nacelle contours of  the test models.     The AMES full  scale 

low speed cruise  fan test   Is perhaps  the only  valid comparison 

to the models  in  this  test   (Reference  3).    Total nacelle drag 

coefficients   (C )  are compared   in the upper  part of Figure    145 

on the basis of  Jet-to-maximum-diameter ratio and boattail angle 

to the  the AMES test  result.    The AMES c ruise  fan drag coefficient 

Is slightly   higher   than the drag  values  of  the   present   test. 

The comparison  to NASA scale model   tests of  2" diameter conical 

afterbodies   (Reference  1)   is based  on  the boattail  form drag 

coefficients as obtained  by  pressure-area  integration over the 

boattail.    With  the exception of  the conical  nozzle models  1,   2 

and 3,   the drag coefficients are   In general  agreement with  the 

NASA test  results at Mach   .6   (Figure    145   lower  parts).     At  Mach 

.9,   a similar observation can be made,  namely   that  the data  agree, 
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in general  with  the NASA results with  the  exception of Models   1,   2 

and 3,  which are   low   (Figure   146). 

It should be noted  that  the coaparison to  the NASA data is   perhaps 

only valuable for observing the general  trend of drag coefficients 

as a function of  Jet-to-maxima Model diaaeter ratio and boattail 

angle.    The  lift/cruise  fan test Models had all circular-arc 

boattails, where  the NASA Models had conical  boattalls which should 

give higher drag.    The plug nozzles do recover a part of the boattail 

drag loss on the  plug  (C, Figure  119).    Their afterbody drag  is, 

therefor«,   to be considered as the SUM of  boattail drag and plug 

fom drag.    However,  plug forM drag is also a function of nozzle 

pressure ratio, thus Making a general coMparison of drag data on 

this basis  iMpossible. 

It   is  recoMMended   to  investigate  the effect  of boundary  layer 

thickness on nacelle boattail drag coefficients since  the  full 

scale boundary  layer thicknesses  are different  than scale Model 

conditions. 

2.      Comparison  to Analytical   Calculations 

Nacelle pressure  coefficients  for external   flow Mach nunbers of 

.6 and .8 were calculated  for   the nacelle of model   fi usin^   the   flux 

plot coMputer prograM.    This  program  is  being dcvelopod to provide 

an analytical  approach for the development  and optimization of 

axisyMMetric  body   shapes.    The prograM utilizes the Raylcigh- 

Janzen technique  to correct  the velocity  potential   for compress- 

ibility effects.     The output  from the program is based on  the 

compressible  potential   flow  solution over  nacelles,  which  provides 

the prossun* distribution over  the  surface  of  the  body.    The 

program does  not   calculate  second-order  effects of  compress- 

ibility. 
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A conparlson of the analytical results with the text il«ta is 

shown in Figures 117 and 1 1H . At Mach .6, the level of the 

pressure coefficients is in fairly ^ood agreeaent with the tost 

data whereas the Mach .8 comparison shows little agreement in level 

The boattall test pressures are higher because of the effect of 

the Jet interaction with the external flow.  A cylindrical boundary 

has been assumed for the analytical calculation. 

From this above comparison, it is concluded that the flux plot 

program - in its present state of development - cannot be used to 

predict pressure distributions at higher subsonic Ma< a numbers. 

The low Mach number correlation is fairly good. 

It is recommended that the flux plot program be improved by adding 

subroutines for (1) estimating Jet wake positions and their 

interactions on the invlscid flow field, (2) evaluation of change- 

in effective surface curvature with compressibility due to 

boundary layer Influence, and (3) evaluation of effect of surface 

roughness on the invlscid flow field considering especially the 

smoothing effect of boundary layer action. 
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APPENDIX  I   -   DATA  REDUCTION  SAMPLK CALCULATION 

The measurements   for each  test  point,   a»  defined by  the specific 

settings of   tunnel   Mach number and  nozzle  pressure  ratio,   were 

recorded on data  sheets.     Pressures  were converted  to absolute 

values   in  Inches of mercury.     Model   nacelle pressures  were  referenced 

to  the  tunnel   total  pressure   (P^ or  PJQ),  model  plug pressures were 

referenced to  the nozzle  total   pressure   (PTg or PJH).     As  an example, 

the data sheet  shows run 11-14 which   is a  test  point  for model   11 

at  a nominal  Mach number setting of   .8 and a nozzle pressure  ratio 

of 2.30. 

The data were  then  transferred onto  the   Sata reduction forms   together 

with  the model   constants   (Figure 22),   the balance constants   (Figure  5). 

and  the dead weight  and seal  calibration values   (Figures 6 and 7). 

The measured gross  thrust  coefficient  was calculated according  to the 

equation presented on Figure 5.     On  the  sample calculation  form,  a 

gross  thrust  coefficient of   .968 was obtained  for  run 11-14.     This 

thrust  coefficient   includes  all   nozzle  internal   losses,   plug   form 

drag,   boattail   drag,   forebody drag  and  friction drag  for   the  nacelle 

and plug  surfaces,   including 3.5   inches of  the 5-inch-diametor support 

pipe;   in short,   all   forces on  the metric   section   (Figure  5).     The   .968 

thrust  coefficient  was  then plotted   in  Figure 38 and was  used through- 

out   the  report   without  any   further  corrections. 

The discharge coefficient was calculated on the same calculation sheet 

as the ratio of measured to ideal mass flow. A value of Cy .982 was 

obtained in the sample calculation. This coefficient was than plotted 

in Figure  54. 
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APPENDIX   II   -   CALCULATION METHODS 

Gross  Thrust Coefficients  -  C_,   or C„ ,, 
 T_ T-D 

With reference   to  Figure  5 and using   the  terminology of   this   study, 

the gross   thrust  coefficients  were calculated as   follows: 

F3  -  H2  ^   (PC -   V  AA  *   (AS -  V   PC  -   A0D  P»   -   %D\)PX 
CT   0r  CT-D  " (W /g)V 

a  "     i 

The entering  stream thrust,   F  ,   was  evaluated as   (1   +   Y)   P^A  -C      C 

where C_„   and C^„  are actual   thrust   and discharge coefficients of   the 
T3 03 

choked ASME meter  inlet. 

The   ideal   thrust,   (Wa/g)Vi,   was   calculated  from  the  actual   mass   flow 

and  the  thrust   function  based on  the  nozzle pressure   ratio   (A)  as 

shown  below: 

m    V 
0»/K)V. = C^ -A -P. a "'   i D3     3    T2 PT6   •   Ag 

Th«.'  thrust   function  is defined  as  shown below: 

in V 
1 i 

Y.M2.^  •   ^ 
P^       A« P^       A* 

T T 

13 



where  Mach number   (M)  and  area ratio(-r-) are  functions of nozzle 

pressure ratloy—^Ibased on  the  following  relations: 

with  v  - 1.4 

will.«2 

Y 
Y-l 

,   and 

Y+l 
,        Y-l       „2  2(Y-1) 

i I1 +-r ' *! 
A*   "li.^i 

Discharge Coefficient  -  C 

The discharge coefficient  was defined  in  this  study as the ratio of 

the measured weight   flow  to  the ideal   flow at   the measured nozzle 

pressure ratio  as  shown below: 

CD3'A3*PT2   / A 

VPT6 V A*/\ < critical 

where  A/A* is defined  as  above.     For  higher  than critical   pressure 

ratios   (X = critical),   the  nozzle runs choked and   the area  ratio  for 

the conical  nozzle equals one   (A/A* =   1.0). 

Pressure Coefficient  -  Cp 

Pressure coefficients  were  calculated  for  the external  nacelle 

surfaces  from the  static  pressure measurements  using the conventional 

definition 

C, 
1 0D 

q« 
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Total Nacelle Drag Coefficient - C 

The total nacelle drag coefficient was evaluated from the static and 

the thrust-minus-drag coefficient in the following manner: 

where (Wa/g)Vi is as defined above.  CQ TT includes all drag effects 

C0n c   - c 
T T-D 

on  the model,   including  surface  friction. 

Boattail   Drag Coefficient  -  C^ __ 
 • D BT 

The boattail  drag coefficients  were calculated  from    he static 

pressure measurements  along  the nacelle afterbody  by graphical 

integration of the pressures over  the nacelle cross-sectional 

projected area using the relation: 

C -      . 
D  BT q«D   •   A,, 

The   friction drag of   the  nacelle boattail   is   not   included  in  the 

boattail   drag coefficient. 

Plug  Form  Drag Coefficient   -   C 

This  coefficient   is  a measure of  the effect  of external   flow on  the 

plug   force at  .static  conditions or,   In other  words,   on the  Internal 

nozzle performance.      It   was  determined by calculating  plug  forces 

from   the measured  pressure distributions   for   the   test   pressure  ratios 

at   Mach   0  and  the  respective  external   flow Mach  number.     The  plug 

force was  computed  by  graphical   integration of  the  plug pressure 
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distribution versus  projected plug  area.     The  definition of   the   plug 

form drag coefficient   is  then: 

J Pl   (M-0)dA pi  (il>o)dA 

D  P %> 

Forebody Drag  Coefficient  -  C 
D FB 

The  forebody drag  coefficients were calculated  from the static 

pressure measurements  along  the nacelle  forebody by graphical 

integration of   the pressures over the nacelle  cross-sectional 

projected area with  the  relation: 

(-■ - -■) 
D  FB <».  •   \ 

Forebody  friction  drag   is  not   included  in this coefficient, 

Model   Friction Drag Coefficient  - C D  f 

The   friction coefficient   was  determined   from  the  above defined drag 

coefficient  in the  following manner: 

CD   f   "   CD TT  "  (C
D *!•  +  CD  FB +   CD  PJ  • 

This   friction coefficient  consists  of   the  friction on the model 

nacelle  surface   (including 3.5   inches of   the  5-inch diameter   support 

pipe)  and  the  plug  surface. 
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Plug Nozzle System 

Figure 1. Comparison of Conical 
and Plug Nozzle Cruise Fan 
Systems. 
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